In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
At the genetic level, in both animals and plants, Cd can induce chromosomal aberrations, abnormalities in Introduction Ozone (O 3 ) can affect many processes in plants, including the transcription of defence-associated genes. However, the mechanisms by which O 3 brings about these transcriptional changes remain largely unknown. It has previously been demonstrated that nitric oxide (NO), a small reactive gas, is a second messenger in the signalling cascade induced by O 3 that leads to defencegene induction (Ederli et al., 2006; Pasqualini et al., 2009) . In plants, NO is involved in disease resistance, responses to abiotic stress, iron homeostasis, and modulation of salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) synthesis (Huang et al., 2002; Parani et al., 2004; Delledonne, 2005) . Along with reactive oxygen species (ROS) and hormones (SA, ET, and JA) , NO also has a defined and prominent role in the defence against pathogens (Delledonne et al., 1998; Zeidler et al., 2004) . NO is quickly produced after pathogen attack, and it is involved in cell signalling during the hypersensitive response in plants (Delledonne, 2005) ; it also acts together with H 2 O 2 during programmed cell death (Zago et al., 2006) .
Although the role of NO in plant-pathogen interactions is well documented, its role in O 3 -induced responses is not yet well understood. In Arabidopsis plants, acute O 3 fumigation has been reported transiently to stimulate NO production (Mahalingam et al., 2006; Ahlfors et al., 2009 ). Ahlfors and co-workers (2009) demonstrated that under O 3 stress, there is Journal of Experimental Botany, Vol. 63, No. 12, pp. 4485-4496, 2012 doi:10.1093 /jxb/ers133 Advance Access publication 8 June, 2012 a rapid accumulation of NO that is essential for the full activation of the O 3 -dependent defence responses. This might arise through an alteration of the NO-ROS balance or the stress-hormone levels, such as SA and JA. On the other hand, in Arabidopsis, O 3 treatment has been shown to result in a ROS burst that is accompanied by high NO production and a reduction in the content of the soluble antioxidants ascorbate and glutathione (Mahalingam et al., 2006) .
In the O 3 -sensitive tobacco cv. BelW3, after acute O 3 fumigation there was early accumulation of H 2 O 2 and NO, and development of leaf lesions that are characteristic of programmed cell death (Ederli et al., 2006; Pasqualini et al., 2009 ). This was accompanied by a decrease in cytochrome c content, as well as by an up-regulation of alternative oxidase (AOX) gene expression and the release of ET. Using a pharmacological approach, it was previously demonstrated that NO is the preferred signalling molecule in the regulation of AOX expression, and that this is coordinated with ET release . Some of the molecular mechanisms that are triggered by NO and that lead to the activation of plant defence genes were also deciphered. NO action is modulated through pathways that are both independent of and dependent on the second messenger guanosine 3′,5′-cyclic monophosphate (cGMP) . Following O 3 treatment, transcriptional up-regulation of the genes AOX1a, glutathione peroxidase (GPX), and 1-aminocyclopropane-1-carboxylate synthase 2 (ACS2) is cGMP independent, while induction of phenylalanine ammonia lyase a (PALa) and pathogenesis related protein 1a (PR1a) is cGMP dependent (Durner et al., 1998; Pasqualini et al., 2009) .
The aim of the present study was to define the signalling cascade(s) better that start from NO and that lead to defencegene up-regulation. In particular, there was a need to define the roles of protein kinases and Ca 2 transients on the induction of PALa and PR1a, two cGMP-dependent genes, and AOX1a, a cGMP-independent gene. Using a pharmacological approach, it has been demonstrated here that AOX1a and PALa induction are modulated by the phosphorylation of protein kinases and that SA-induced protein kinase (SIPK) appears to have a role in this up-regulation. Instead, PR1a activation is not achieved exclusively by a cGMP-dependent pathway, as previously reported (Durner et al., 1998; Pasqualini et al., 2009) , but also through a cGMP-independent pathway that is mediated by dephosphorylation of phosphoprotein(s). Furthermore, our results show that Ca 2 is essential, but not sufficient, to promote NO accumulation in ozonated tobacco plants.
Materials and methods

Plant material and growth conditions
The seeds of Nicotiana tabacum L., cv. BelW3, were kindly provided by Ted Woodlief of North Carolina State University (Raleigh, NC, USA). The seeds were germinated in pots containing sterilized soil/ agriperlite mixture, vernalized for 2 d at 5 °C, and then transferred to a growth chamber under the conditions previously described by Ederli et al. (2011) . All the analyses were carried out on the fourth leaf from the apex of 4-week-old plants, which is sensitive in terms of visible O 3 symptoms, on the basis of previous screening. Each experiment was replicated three times.
Chemical treatments
Attached tobacco leaves were infiltrated at 14.00 h using a syringe without a needle (first infiltration) with approximately 50 µl of inhibitors cm 2 of leaf surface. The syringe was placed on the abaxial side of the leaf in the laminar area between two lateral veins, and tissue sampling was carried out at a distance of approximately 3 cm from the infiltration point. The inhibitors were injected into the intercellular airspaces through stomata until full infiltration of the leaf surface (the colour of the leaf changed to a uniform dark green). The following inhibitors were used: 5 µM ruthenium red (RR; Ca 2 channel blocker), 5 µM lanthanum chloride (LaCl 3 ; Ca 2 antagonist), 1 µM staurosporine (Ser/Thr kinase inhibitor), and 0.5 µM okadaic acid (phosphatase inhibitor), with distilled H 2 O as the control. The plants were left for 18 h in the growth chamber under the photoperiod conditions. The plants were then O 3 fumigated, or syringe infiltrated (second infiltration) of the previously treated leaf with one of the following: 2 mM N-ethylethanamine:1,1diethyl-2-hydroxy-2-nitrosohydrazine (DEA; NO-donor), 250 µM SA, or 250 µM 8-bromoguanosine cyclic 3',5'-monophosphate (8-Br-cGMP; cell permeable cGMP analogue). The O 3 -fumigated plants were sampled at different times during and after the O 3 fumigation (as indicated). The plants treated with DEA, SA, or 8-Br-cGMP were sampled 5 h after these chemical infiltrations for transcript analysis of AOX1a and PALa, and after 24 h for transcript analysis of PR1a. After collection, all of the samples were flash-frozen in liquid nitrogen and stored at -80 °C for subsequent RNA extractions, or were immediately processed for immunoprecipitation analysis and NO quantification. All of the chemicals used were purchased from Sigma-Aldrich (St Louis, MO, USA).
Cell viability
Knowing that both DEA and staurosporine can induce cell death (De Jong et al., 2000) , their effects on cell viability were evaluated by ion leakage using a modification of a previously described method (Ederli et al., 2011) . For each ion-leakage measurement, 10 leaf discs (diameter, 1.1 cm) were floated abaxial side up on 5 ml distilled water for 1 h at room temperature. A significant increase in ion leakage was induced by 1 µM staurosporine 18 h after its application (52%), with a further increase after 42 h (68%) (see Supplementary Fig . S1 at JXB online); by contrast, the NO-donor DEA did not significantly induced cell death (data not shown). To ascertain if RR or LaCl 3 affected cell viability, visible damage and ion leakage measurements were performed in RR or LaCl 3 -infiltrated plants, compared with H 2 O-infiltrated plants. No visible damage or ion leakage increase was detected at either 18 h or 42 h (data not shown).
O 3 fumigation
Tobacco plants were exposed to 150 nl l 1 O 3 for a maximum of 5 h (from 08.00 h am to 13.00 h) in plexiglass chambers under light with a photosynthetic photon fluence rate of 120 µmol m 2 s 1 , as previously described by Ederli et al. (2011) . The ozone was formed from the oxygen of the air mixture by two UV lamps (OEG50L lamp, Helios Italquartz s.r.l., Milan, Italy) powered with an input voltage of 220 V. The overall dimension of the PVC UV reaction chamber were 250×200×100 mm. The feed gas flow over the UV lamps was 5.0 l min 1 . The ozone was continuously monitored with a UV-photometric O 3 analyser (Thermo Electron Corporation, Franklin, MA, USA). After the O 3 treatment, the plants were left in the growth chamber until the sampling. As the control, non-fumigated plants were sampled before the start of the O 3 fumigation (0 h).
Protein extraction and immunoprecipitation
To remove O 3 -induced NO production, the adaxial surfaces of the leaves were brushed with H 2 O as the control, or with 200 µM of the NO-quencher 2-(4-carboxyphenyl)-4,4,5,5-etramethylimidazoline-1-oxyl-3-oxide (cPTIO; Sigma-Aldrich). After 1 h, these leaves treated with H 2 O and cPTIO were sampled (non-fumigated control, 0 h), or the plants were challenged with 150 nl l 1 O 3 for 0.5, 1, 1.5, and 3 h. Tissue samples [200 mg fresh weight (FW)] were pulverized in liquid nitrogen, and the resulting powders were extracted with 0.3 ml extraction buffer (100 mM HEPES, pH 7.5, 5 mM EDTA, 5 mM EGTA, 10 mM dithiothreitol, 10 mM Na 3 VO 4 , 10 mM NaF, 50 mM β-glycerophosphate, 1 mM PMSF, and protease inhibitor cocktail), using the method of Zhang and Klessig (1997) , with minor modifications. After centrifugation at 13 000 g for 30 min at 4 °C the supernatants were recovered and the soluble protein contents were determined according to the Bradford method, with bovine serum albumin as the standard. The protein extracts (100 µg) were incubated with 2.5 µg anti-SIPK antibody (kindly provided by Professor Yuko Ohashi of the National Institute of Agrobiological Sciences Tsukuba, Ibaraki, Japan) in immunoprecipitation buffer (20 mM TRIS, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 , 1 mM NaF, 10 mM β-glycerophosphate, 0.5% Triton X-100, 0.5% Nonidet P-402, and protease inhibitor cocktail) for 2 h at 4 °C on a rocker. About 20 µl packed volume of protein A-agarose was then added, and the incubations were continued for another 2 h. Agarose bead-protein complexes were pelleted by brief centrifugation (1 000 g for 1 min). After washing with immunoprecipitation buffer three times, the immunoprecipitates were pelleted and immediately used for immunoblot analysis or kinase activity assays.
Immunoblot analysis
Twenty µl SDS-PAGE sample loading buffer (60 mM Tris-HCl, pH 6.8, 2% SDS, 0.05% bromophenol blue, 10% glycerol, and 660 mM β-mercaptoethanol) was added to the immunoprecipitates, and the samples were boiled for 5 min. After brief centrifugation, the supernatants were separated on 15% SDS-polyacrylamide gels, and the proteins were transferred to nitrocellulose membranes (Protan, Schleicher & Schuell, Dassel, Germany) by electroblotting. The blots were then incubated with the anti-SIPK antibody (0.2 µg ml 1 ) for 2 h and, after washing, the membranes were incubated with anti-mouse peroxidase-conjugated IgG (1/80 000; Sigma-Aldrich) for 1 h at room temperature. Labelling was detected using the SuperSignal West Dura chemioluminescent substrate, according to the supplier manual (Pierce, Rockford, IL, USA). The membranes were then exposed to X-ray films for 1 min. For quantification, the band intensities were determined with the Image J image analysis software (http://rsb.info.nih.gov/ij).
Kinase activity assay
The immunoprecipitates obtained above were washed three times with reaction buffer (20 mM HEPES, pH 7.4, 15 mM MgCl 2 , 5 mM EGTA, and 1 mM dithiothreitol) and pelleted by brief centrifugation. The kinase activities in the immunoprecipitated complexes were assayed at room temperature for 20 min in a final volume of 25 µl containing 1 mg ml 1 myelin basic protein (MBP), 0.67 µM dithiothreitol, and 100 µM ATP, with 1 µCi γ-[ 32 P]-ATP. The reactions were stopped by the addition of 10 µl SDS-PAGE sample loading buffer. After electrophoresis on 15% SDS-polyacrylamide gels, the phosphorylated MBP was visualized by autoradiography. For quantification, the band intensities were determined with the Image J image analysis software.
NO visualization
NO accumulation was visualized using the fluorescent NO indicator dye 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate (DAF-FM diacetate; Molecular Probes, Invitrogen, Carlsbad, CA, USA). Free-hand leaf sections were taken from plants infiltrated with the RR, LaCl 3 or staurosporine inhibitors, or with H 2 O (see Chemical treatments section), and subsequently challenged with 150 nl l 1 O 3 for 1.5 h, as it has been demonstrated that after 1.5 h of O 3 fumigation there is maximum accumulation of NO in tobacco leaves (Ederli et al., 2006) . To ascertain whether RR, LaCl 3 or staurosporine have any effects on NO accumulation, sampling was also carried out in non-fumigated plants 18 h after these treatments. To determine the specificity of the NO signal, 1 h before the start of O 3 fumigation, the inhibitor-treated leaves were brushed on the adaxial surface with 200 µM cPTIO, a NO-quencher. The sections were incubated in the dark for 1 h at 30 °C with 2 µM DAF-FM dissolved in 50 mM Tris-HCl buffer, pH 7.2 (loading buffer). To determine the background fluorescence, the sections were incubated in the loading buffer without DAF-FM. The samples were then washed with loading buffer three times for 15 min, mounted in this buffer on microscope slides, and examined immediately under a UV epifluorescence microscope (DM LB; Microsystems Inc., Deerfield, IL, USA). The sections were excited with a 450-490 nm band-pass filter, and DAF-FM triazole emission was recorded using a 520-525 nm band-pass filter. To quantify NO production, the fluorescent cells were counted, with respect to the total cells. For each sample, 10 sections on each of six slides were examined, with about 300 cells counted in each section; so for each sample, around 18 000 cells were counted. NO levels are reported as the percentages of fluorescent cells with respect to fluorescent cells of the control sections (-cPTIO/-O 3 ). As the same number of fluorescent cells were counted in RR-, LaCl 3 -, and staurosporine-treated nonfumigated, and H 2 O-infiltrated non-fumigated plants, in Fig. 3 only one control (-cPTIO/-O 3 ) is reported.
RNA isolation and analysis
Total RNA was extracted from the frozen, homogenized leaf tissues (100-150 mg FW), using NucleoSpin® RNA Plant kits (Macherey-Nagel, Düren, Germany), according to the manufacturer's instructions. A given amount of total RNA (1-2 µg) was reverse transcribed as described by Pasqualini et al. (2009) . The primers were designed with the help of the FastPCR Software, the annealing temperatures of primers and the number of PCR cycles are given in Supplementary Table  S1 at JXB online. The number of cycles varied with the amount of template RNA and the abundance of the target transcript. To ensure that the analysis was conducted in the linear range of the amplification assay, a range of cycle numbers were initially tested for each gene, and final quantification was carried out within the linear range. The authenticity of the PCR products was checked as previously reported (Ederli et al., 2011) . Images of the RT-PCR ethidium-bromide-stained agarose gels were acquired with a digital Kodak camera (Eastman Kodak Company, Rochester, NY, USA), and quantification of the bands was performed with Kodak 1D image analysis software. The band intensities were expressed as relative units.
Extraction and quantification of salicylic acid
To determine the role of NO in O 3 -induced SA accumulation and PR1a gene expression, and the effects of the Ca 2 channel blocker RR on SA accumulation, SA levels and PR1a expression were monitored in O 3 -treated and NO-treated plants. One hour before the start of the O 3 fumigation, the adaxial surfaces of the leaves were brushed with 200 µM cPTIO, or with H 2 O as the control. The sampling was carried out before the O 3 fumigation (0 h), after 2 h and 5 h of O 3 treatment (150 nl l 1 ), and in the post-fumigation period (8 h and 24 h from the start of the O 3 fumigation). As the NO donor DEA was shown to be ineffective for SA induction, it was decided to stimulate SA accumulation using recombinant mammalian nitric oxide synthase (NOS) ) that had previously been demonstrated to generate a greater amount of NO with respect to other NO donors ). The first infiltration was then performed with 5 µM RR and after 18 h the second infiltration with NOS or 250 µM 8-Br-cGMP. The leaves were flash-frozen in liquid nitrogen and stored at -80 °C for analysis of PR1a gene expression and SA quantification. Total and free SA were extracted and quantified using HPLC, according to previously described protocols (Di Baccio et al., 2012) .
Statistical analysis
The data showed in the figures are means ±SE of three independent experiments. Data analysis was carried out using one-way or two-way analysis of variance (ANOVA). The means were compared using the Duncan's multiple range test, and the values significantly different are indicated by different letters (P 0.01). 
Results
O 3 induces salicylic-acid-induced protein kinase activity
Tobacco plants were exposed to 150 nl l 1 O 3 for 3 h. Proteins extracted at 0.5, 1, 1.5, 2, and 3 h after the onset of O 3 exposure were assayed for the presence of protein phosphorylating activity using an in-gel kinase activity assay for the immunoprecipitated complexes. A marked increase in MBP phosphorylating activity started within 1 h of the start of the O 3 fumigation and peaked after 1.5 h. This in-gel activation was transient and returned to basal levels within 3 h of O 3 fumigation (Fig. 1A) . The kinase activity migrated as a single band with an apparent molecular mass of approximately 48 kDa, and by the assay of the kinase activity of the immunoprecipitated complexes it was identified as SIPK. It was then investigated whether these changes in SIPK activity were accompanied by changes in the SIPK protein levels, using Western blotting with an anti-SIPK antibody (Fig. 1B) . This 48 kDa protein was expressed at all time points examined, and it was induced after 1.5-3 h of O 3 fumigation, but the approximately 2-fold induction was much lower than the 6-fold induction of SIPK activity. The quantity of this protein thus remained high after 3 h of O 3 treatment (Fig. 1B) , whereas the activity had returned to near the non-fumigated plant level by 3 h (Fig. 1A) .
Activation of SIPK in ozonated plants is NO-dependent
To investigate whether O 3 -induced NO accumulation has a role in this SIPK activation, the NO in ozonated plants was removed with the NO-quencher cPTIO. cPTIO treatment has previously been shown to inhibit NO accumulation efficiently during O 3 fumigation (Ederli et al., 2006; Pasqualini et al., 2009) . When assayed for SIPK activity using the in-gel kinase activity with MBP, there was no detectable SIPK activity in these NO-inhibited plants (Fig. 1A) . Thus, SIPK should function downstream of NO in the NO signalling pathway for the defence response.
The role of a protein kinase cascade in activation of O 3 -induced defence genes
It has previously been demonstrated that, in tobacco, O 3 induces transcription of the defence genes AOX1a, PALa, and PR1a (Ederli et al., 2006; Pasqualini et al., 2009 ). It has also been shown that activation of these genes is NO-dependent, with PALa and PR1a dependent on both NO and cGMP, whereas AOX1a activation was cGMP independent ). Our goal here was to determine whether the NO transduction pathway leading to AOX1a, PALa, and PR1a activation requires protein kinase(s) activation. To investigate this, a pharmacological approach was used which consisted of inhibition of protein kinase activity with staurosporine, a Ser/Thr kinase inhibitor (Rüegg and Burgess, 1989) . Here, the gene-expression profile of the cGMP-independent gene AOX1a in plants treated with staurosporine and subsequently O 3 fumigated showed a drastic reversal of the O 3 -induced activation of AOX1a ( Fig. 2A) , thus suggesting a central role of protein kinases in O 3 -induced up-regulation of AOX1a. To establish the NO involvement further, NO levels were artificially elevated, and the expression of AOX1a was monitored. This was achieved by injection of the NO-donor DEA into the intracellular spaces of tobacco leaves, which induced AOX1a expression, with a complete reversal of this induction seen again after addition of staurosporine (Fig. 2B) . In parallel, with the cGMP analogue 8-Br-cGMP either alone or in combination with staurosporine, there were no effects on AOX1a transcription (Fig. 2B) .
For regulation of the cGMP-dependent PALa expression, when the tobacco plants were pre-treated with staurosporine and subsequently ozonated or treated with the NO-donor DEA, PALa activation was significantly inhibited (Fig. 2) . It was therefore concluded here that both AOX1a and PALa are dependent on protein kinases for their expression. To determine whether the protein kinases act upstream or downstream of cGMP with PALa regulation, 1 µM staurosporine was applied before the 8-Br-cGMP elicitation of the tobacco leaves. As shown in Fig. 2B , there was complete reversion of PALa induction.
For PR1a, which is another gene previously shown to be cGMP-dependent , the picture is more complex. In tobacco plants challenged with O 3 , the NO-donor DEA, or 8-Br-cGMP, induced PR1a up-regulation after 24 h (Fig. 2) . However, application of the kinase inhibitor staurosporine per se markedly induced PR1a mRNA accumulation in the absence of O 3 ( Fig. 2A) or DEA (Fig. 2B) ; this suggests that protein dephosphorylation mediates PR1a expression in these tobacco plants. An additive effect on PR1a mRNA accumulation was found when both stimuli were applied ( Fig. 2A , staurosporineO 3 ; Fig. 2B, staurosporineDEA) . However, when the tobacco plants were treated with staurosporine before 8-Br-cGMP application, there were no differences in PR1a induction with respect to treatment with 8-Br-cGMP alone (Fig. 2B) , which suggests that protein dephosphorylation does not mediate cGMP-induced PR1a expression. These data suggest that NO/O 3 induction of the PR1a gene is mediated by dephosphorylation of Ser/Thr residue(s) of one or more unidentified phosphoproteins. This conclusion was strengthened through the use of okadaic acid, a potent inhibitor of Ser/Thr phosphatases type 1 and type 2A from both animals and plants (Cohen et al., 1990) ; okadaic acid effectively suppressed DEA-mediated induction of PR1a (see Supplementary Fig. S2 at JXB online) .
The role of a protein kinase cascade in NO accumulation
The question was asked whether the protein kinases here could have a role in O 3 -induced NO accumulation. When tobacco plants were treated with the protein kinase inhibitor staurosporine, there was a significant lowering of NO content after 1.5 h of O 3 fumigation, although the NO levels were significantly higher than those in non-fumigated plants (Fig. 3A) . To ensure that the fluorescence observed was NO specific, the plants were treated with the NO-scavenger cPTIO 1 h before the O 3 -fumigation. In this case, there was significant quenching of the green fluorescence, which indicates that the DAF-FM probe is specific for NO detection (Fig. 3) . These data suggest that the protein kinase cascade activation is critical for maximum NO accumulation in ozonated plants.
The role of Ca 2 in NO accumulation
Ca 2 has been shown to be important in the mediation of signal transduction. To determine whether Ca 2 is involved in O 3 -induced NO accumulation, Ca 2 influx was inhibited using LaCl 3 and RR. LaCl 3 is known to compete extracellularly with Ca 2 for Ca 2 channels in the plasma membrane (Knight et al., 1996) , while RR is an antagonist of the ryanodine ion channels that control Ca 2 mobilization from internal stores in both animals and plants (Allen et al., 1995) . NO production in mesophyll cells was thus measured in plants treated with LaCl 3 and RR and subsequently ozonated. Here, both LaCl 3 and RR drastically, although not completely, reduced NO accumulation in tobacco plants ozonated for 1.5 h ( Fig. 3B ; by 62% and 61%, respectively). This suggests that both extracellular and intracellular Ca 2 are critically involved in NO accumulation.
The role of Ca 2 in defence gene induction
When AOX1a was transiently induced by O 3 to its highest mRNA accumulation (2-5 h O 3 fumigation), application of either LaCl 3 or RR did not change this expression profile (Fig. 4A) . Similar results were found when AOX1a was up-regulated by the NOdonor DEA (Fig. 4B) , which suggests that this AOX1a expression is not influenced by Ca 2 .
A different picture was obtained for PALa expression. Again, PALa was induced after 3-5 h of O 3 fumigation and also following DEA application (Fig. 4) ; however, PALa activation was completely suppressed by RR, but not influenced by LaCl 3 (Fig. 4) . As it has previously been shown that PALa activation is dependent on cGMP (Durner et al., 1998; Pasqualini et al., 2009) , the question was asked whether Ca 2 acts upstream or downstream of cGMP. When PALa expression was activated by the NO downstream messenger cGMP, as 8-Br-cGMP, here, the Ca 2 channel inhibitor RR reversed the effect of 8-Br-cGMP on PALa expression ( Fig. 5A) .
Similar to AOX1a, the pattern of PR1a expression under O 3 or with the NO-donor DEA showed that PR1a expression is independent of Ca 2 , as neither RR nor LaCl 3 suppressed this O 3 or DEA induction (Fig. 4) . This independence of PR1a expression on Ca 2 was not expected, because Durner et al. (1998) reported that RR suppresses cGMP-induced PR1 expression. To highlight this point, the tobacco leaves were again treated with 8-Br-cGMP, and changes in PR1a transcript levels were monitored 24 h later (Fig. 5B) . Here, 8-Br-cGMP induced PR1a expression, and this expression, as reported by Durner et al. (1998) , was indeed blocked by RR (Fig. 5B) . Thus, cGMP appears to activate PR1a expression through a Ca 2 -release mechanism that is sensitive to RR. By contrast, when PR1a was induced by the NO-donor DEA, RR was not effective on NO-induced PR1a expression (Fig. 5B) . The same was seen when PR1a expression was induced by SA: also in this case RR was ineffective, with no significant differences in PR1a mRNA accumulation following RR and SA. Collectively these data suggest that NO-induced PR1a activation involves both Ca 2 -dependent and Ca 2 -independent pathways.
As it is well known that PR1a accumulation in tobacco is associated with elevated SA levels, and that SA is an effective inducer of PR1 (Durner et al., 1998) . So, in order to clarify the relationship between NO and SA in these O 3 -fumigated tobacco plants, the free SA content was monitored during and after the fumigation. As previously reported (Pasqualini et al., 2002) , there was a large accumulation of SA by the end of the 5 h of O 3 fumigation (Fig. 6B) .
Here, this O 3 -induced SA accumulation is dependent on NO, as, when NO accumulation was abolished in these ozonated plants by quenching with cPTIO, there was neither SA accumulation after 5 h of O 3 fumigation, nor the later PR1a induction at 24 h (Fig. 6) . This thus supports the conclusion that SA accumulation and PR1a induction are dependent on NO. To unravel the role of SA in the above indications of Ca 2 -dependent and Ca 2 -independent PR1a activation, the content of total SA was monitored after PR1a induction with the cGMP analogue, 8-Br-cGMP, and with NOS, a very effective generator of NO in tobacco leaves (Durner et al., 1998; Ederli et al., 2009) . Indeed, the treatment of these tobacco leaves with NOS induced a significant increase in the total SA (free SA plus conjugated SA), which reached 7.46 µg g 1 FW by 24 h after the second infiltration (see Supplementary Fig. S3 at JXB online) . However, the SA induction by 8-Br-cGMP here was only 1.85 µg g 1 FW. When RR was applied before the 8-Br-cGMP and NOS treatments, there was complete inhibition of SA accumulation in the 8-Br-cGMP-treated leaves, whereas there was only a decrease of 28% in the NOS-treated plants (see Supplementary Fig. S3 at JXB online).
Discussion
Several studies have highlighted roles for protein kinases in conveying NO effects in plants. The bulk of the evidence for the regulation of protein kinases by NO has mainly relied on the triggering of protein kinase activities by NO donors in cell suspensions and/or tissues of various species . Accordingly, NO scavengers and inhibitors of NO synthesis have been shown to impair the activation of protein kinases triggered by pathogen-associated molecular patterns (PAMPs) (Yamamoto et al., 2004) , abscisic acid (Zhang et al., 2007) , and osmotic stress (Lamotte et al., 2006) . These protein kinases show mitogen-activated protein kinase (MAPK) or Ca 2 -dependent protein kinase properties (Clarke et al., 2000; Klessig et al., 2000) .
In plants, different MAPKs are activated by various treatments that are also known to induce an oxidative burst in challenged tissues (e.g. wounding, cold, O 3 , virus infection) (Seo et al., 1995; Jonak et al., 1996; Ahlfors et al., 2004) . In particular, O 3 treatment of Arabidopsis leads to activation and nuclear translocation of MPK3 and MPK6 (Ahlfors et al., 2004; Overmyer et al., 2005) . Like MPK3 and MPK6 in Arabidopsis, in tobacco, the putative orthologues SIPK and wounding-induced protein kinase (WIPK) are also activated by O 3 and NO (Kumar and Klessig, 2000) . In agreement, rapid and transient activation of SIPK was found here in ozonated tobacco plants. However, the SIPK protein levels were only slightly increased by O 3 fumigation, which suggests that the SIPK activation is through post-translational phosphorylation, as reported by Zhang et al. (2000) in tobacco and by Ahlfors et al. (2004) in Arabidopsis. In addition, the early O 3 -induced SIPK activation occurred some hours before the SA accumulation (our results) and the O 3 -induced activation of p46 MAPK in the nahG genotype which does not accumulate SA (Samuel et al., 2000) suggest that SIPK activation has no requirement for SA accumulation. To investigate the role of NO in SIPK activation, the specific NOscavenger cPTIO was used to prevent NO accumulation in these ozonated plants. Pre-treatment of the tobacco leaves with cPTIO completely suppressed the O 3 -induced activation of SIPK, which suggests that the MAPK signalling cascade is activated during O 3 fumigation in a NO-mediated pathway.
In animals, the signalling events induced by NO are mainly mediated by cGMP, which regulates various intracellular signalling pathways involved in key biological processes, including cell proliferation and differentiation (Gross and Wolin, 1995; Moncada and Higgs, 1995) . cGMP has also been implicated in many different physiological responses in higher plants (Newton and Smith, 2004; Meier and Gehring, 2006) , including in responses to biotic (Durner et al., 1998; Meier et al., 2009 ) and abiotic stress.
As the O 3 -induced genes AOX1a, PALa, and PR1a are all NOdependent , the question wase asked whether their up-regulation requires protein kinase activity by using staurosporine, a broad-spectrum Ser/Thr kinase inhibitor. Here, O 3 -induced AOX1a activation was almost completely prevented by staurosporine. A functional relationship between NO and protein kinases in AOX1a induction is further strengthened by the evidence that there is also a lack of AOX1a induction by staurosporine in response to NO artificially released by the NO donor DEA. In addition, as previously shown, neither cGMP ) nor staurosporine plus cGMP affect AOX1a expression. As for AOX1a, staurosporine suppressed PALa induction by both O 3 and DEA, which suggests that protein kinases are involved in the activation of this gene, in agreement with . As SIPK activation precedes PALa gene expression (maximum activation at 1.5 h and 3-5 h from the start of fumigation for SIPK activity and PALa expression, respectively) and staurosporine blocks PALa up-regulation by O 3 /NO-donor, a regulatory function for SIPK in O 3 /NO-induction of PALa is suggested. With cGMP downstream of NO, the question was then asked whether the protein kinases act upstream or downstream of cGMP. As the protein kinase inhibitor staurosporine completely suppressed cGMP-induced PALa up-regulation, it was concluded that the protein kinases, which possibly include SIPK, act downstream of cGMP.
Although staurosporine inhibited AOX1a and PALa expression in response to O 3 or the NO-donor DEA, staurosporine can also stimulate PR1a transcript accumulation without any other stimuli (i.e. O 3 or NO-donor). As staurosporine stimulates PR1a expression, this demonstrates that the effects of staurosporine on AOX1a and PALa do not result from a general inhibition of transcription or an acceleration of mRNA turnover. In agreement with Conrath et al. (1997) , these data suggest that dephosphorylation of Ser/Thr residues of a phosphoprotein is involved in the induction of PR1a in tobacco. It can thus be concluded that these genes examined (AOX1a, PALa, and PR1a) are oppositely dependent on protein kinases for their expression: AOX1a and PALa require protein phosphorylation, possibly including SIPK, while PR1a requires protein dephosphorylation, as summarized in the model presented in Fig. 7 .
The involvement of a protein kinase cascade in NO accumulation is not clearly defined yet. Lamotte et al. (2004) showed that staurosporine prevents cryptogein-induced NO accumulation. By contrast, Wu and Wu (2008) reported that ATP-induced NO accumulation is independent of MAPK activation. Our data show that pre-treatment of tobacco leaves with staurosporine significantly, but not completely, lowers NO accumulation in these ozonated plants. This suggests that there is MAPK-independent, as well as MAPK-dependent, NO signalling.
It was then asked whether the O 3 -induced NO-accumulation involves Ca 2 transients in some way. Ca 2 is essential for NO accumulation under stress conditions (Lamotte et al., 2004; Vandelle et al., 2006; Lecourieux et al., 2006; Garcia-Mata and Lamattina, 2007; Ali et al., 2007) , and Ca 2 influx and activation of calmodulin are prerequisites for the activation of NOS-like enzymes (Kondo et al., 1999; del Rio et al., 2004) . To investigate whether Ca 2 mobilization has a role in O 3 -induced NO accumu- Fig. 7 . Schematic illustration of the proposed signalling networks involving NO, cGMP and cellular messengers in the regulation of AOX1a, PALa, and PR1a in tobacco plants under O 3 fumigation. The model is based on data from this study and from the previous studies of Durner et al. (1998) and Klessig et al. (2000) . Cyclic ADP-ribose, cADPR; ruthenium red, RR; lanthanum chloride, LaCl 3 ; Ca 2 intr./extr., intracellular/extracellular calcium ions; staurosporine, stau; salicylic acid-induced protein kinase, SIPK; guanosine 3′,5′-cyclic monophosphate, cGMP; 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, cPTIO; salicylic acid, SA; nitric oxide, NO; alternative oxidase 1a, AOX1a; pathogen related protein 1a, PR1a; phenylalanine ammonia lyase a, PALa; P, protein; PK, protein kinase; phos, phosphatase; OA, okadaic acid; closed circle, PO 4 2 ; CNGCs, cyclic nucleotide gated channels. (This figure is available in colour at JXB online.) lation in tobacco plants, the leaves were treated with LaCl 3 and RR, which block extracellular and intracellular Ca 2 mobilization, respectively, before the O 3 fumigation (Allen et al., 1995; Knight et al., 1996) . Significant, even if not entire, inhibition of NO accumulation was seen in these ozonated plants pretreated with the Ca 2 flux inhibitors, which suggests that both extracellular and intracellular Ca 2 are involved in NO synthesis. Our data collectively suggest that both Ca 2 influx and protein phosphorylation are required for induction of NO accumulation (Fig. 7) .
There is cross-talk between NO and Ca 2 signalling in animal cells, with almost all types of Ca 2 channels or transporters controlled by NO. NO can activate or inhibit Ca 2 channel activities through direct binding (S-nitrosylation, tyrosine nitration, or metal nitrosation) or through production of cyclic nucleotides, such as cyclic ADP-ribose or cGMP (Stamler et al., 2001; Besson-Bard et al., 2008) . Calcium, in turn, can modulate gene transcription under abiotic and biotic stress (Reddy et al., 2011) . Therefore the role of Ca 2 in the activation of the target genes AOX1a, PALa, and PR1a was dissected out. To establish whether Ca 2 is important for O 3 -induced activation of these selected genes, the tobacco leaves were pre-treated with the Ca 2 channel blockers LaCl 3 and RR. Activation of AOX1a by O 3 and the NO-donor DEA was not influenced by either LaCl 3 or by RR. Thus influx of Ca 2 through Ca 2 channels does not have a role in O 3 /NO-induced up-regulation of AOX1a. This lack of effect on AOX1a of Ca 2 at the transcriptional level does not exclude effects of Ca 2 on post-transcriptional regulation of AOX activity. Indeed, Vanlerberghe et al. (2002) showed that antimycininduced AOX activity can be marginally blocked by LaCl 3 and RR. By contrast, O 3 , NO, and cGMP induction of PALa were completely suppressed by RR, whereas PALa expression was not influenced by LaCl 3 , which indicates that influx of Ca 2 from intracellular store has a role in the expression of PALa, in agreement with Durner et al. (1998) .
In similar experiments with Ca 2 inhibitors to determine the involvement of Ca 2 in PR1a induction, RR blocked PR1a induction only when the leaf was elicited with the cGMP analogue, as previously reported by Durner et al. (1998) . However, RR did not suppress the NO or O 3 induction of PR1a, thus suggesting that NO activation of PR1a can occur through more than one pathway. In addition to activation of the cGMPdependent signalling cascade, nitrosylation of key components of cell metabolism is another mode of NO signalling that operates in animals (Stamler et al., 2001) , and this might have parallels in plants. As both O 3 and NO-induced PR1a activation was enhanced by staurosporine (which per se can activate transcription without any further stimulus) while cGMP-induced PR1a activation was not influenced by staurosporine, this reinforces the concept that SA accumulation and then PR1a up-regulation are mediated by at least two different signalling pathways: (i) a cGMP-dependent pathway that is sensitive to Ca 2 increases; and (ii) a cGMP-independent pathway that is insensitive to free cytosolic Ca 2 levels and which requires dephosphorylation of unidentified protein(s) (Fig. 7) . These agree with Conrath et al. (1997) , who showed that two or more phosphoproteins function in the same transduction of SA. An example of a role that intracellular Ca 2 transients can have in SA accumulation has been seen in Arabidopsis, where CAMTA3, a Ca 2 /calmodulin-bind-ing transcription factor, acts as a negative regulator of SA levels, which directly regulates the EDS1 promoter (Du et al., 2009 ). On the other hand, the lack of complete inhibition of PR1 by 8-Brcyclic ADP-ribose, a cyclic ADP-ribose antagonist, reported by Klessig et al. (2000) , suggests that NO activation of PR1 occurs through more than one pathway. Thus, it is surprising that, in sodium-nitroprusside-treated tobacco leaves, almost complete suppression of PR1a activation by the guanylyl cyclase inhibitor 1H-[1,2,4]oxodiazolo[4,3 a]quinoxalin-1-one (ODQ) was found . ODQ is a potent and, importantly, selective haem-site inhibitor of guanylyl cyclases (Garthwaite et al., 1995; Schrammel et al., 1996) . However, according to its mechanism of action, ODQ has been demonstrated not to be specific for haem-containing proteins (Feelisch et al., 1999) , as metals are found in many NO targets and are also probably required for further S-nitrosylation of signalling elements. Thus, it cannot be excluded that ODQ can suppress sodium-nitroprusside-induced PR1a activation by inhibition of both cGMP-dependent and cGMP-independent pathways, which would lead to complete suppression of PR1a induction .
As it is well known that the NO-induced PR1a expression in tobacco is associated with elevated SA levels (Durner et al., 1998) , it was also investigated here whether NO inhibition influences SA levels in ozonated plants. When NO accumulation in O 3 -treated tobacco plants was quenched using cPTIO, there was neither SA accumulation nor induction of PR1a after the O 3 challenge, suggesting that NO is indispensable for SA accumulation, and then for PR1a induction, in plants challenged with O 3 .
Taken together, our data describe the signalling network induced by O 3 that leads to activation of certain defence genes, as illustrated in our model in Fig. 7 . However, additional studies are necessary to understand better these two different routes for SA biosynthesis in tobacco plants.
